The effects of glycine, alanine, serine, and various phosphorylated metabolites on the activity of phosphoeno/pyruvate (PEP) carboxylase from Zea mays and Crassula argentea were studied. The maize enzyme was found to be activated by amino acids at a site that is separate from the glucose 6-phosphate binding site. The combination of glycine and glucose 6-phosphate synergistically reduced the apparent Km of the enzyme for PEP and increased the apparent Vmax. Of the amino acids tested, glycine showed the lowest apparent K. and caused the greatest activation. D-lsomers of alanine and serine were more effective activators than the L-isomers. Unlike the maize enzyme, the Crassula enzyme was not activated by amino acids. Activation of either the Crassula or maize enzyme by glucose 6-phosphate occurred without dephosphorylation of the activator molecule. Furthermore, the Crassula enzyme was activated by two compounds containing phosphonate groups whose carbon-phosphorus bonds were not cleaved by the enzyme. A study of analogs of glucose 6-phosphate with Crassula PEP carboxylase revealed that the identity of the ring heteroatom was a significant structural feature affecting activation. Activation was not highly sensitive to the orientation of the hydroxyl group at the second or fourth carbon positions or to the presence of a hydroxyl group at the second position. However, the position of the phosphate group was found to be a significant factor. of C4 plants, aspartate (16). The enzyme is activated by various phosphorylated metabolites such as Glc-6P (27), triose phosphate (5), AMP (20), and carbamyl phosphate (9).
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Glc-6P and other phosphorylated metabolites regulate the activity of the Crassula or maize PEP carboxylase by reducing its Km for PEP (5, 9, 16, 20) . These compounds have generally been assumed to activate by a conventional allosteric mechanism. However, a recent report suggests an alternative mechanism, namely, that dephosphorylation of these activators at the catalytic site may elevate the level of carboxyphosphate, an unstable intermediate whose formation is rate limiting in the PEP carboxylase reaction (26) . Many of the basic kinetic responses of the maize and Crassula enzymes to Glc-6P are similar (27) . It is not clear whether the two enzymes respond similarly to various amino acids that have been reported to activate the maize enzyme (5, 7, 15) . Although structurally quite different from phosphorylated activators of the enzyme, amino acids also reduce the Km of the maize enzyme for PEP (5) .
Our goals were to investigate the activation of PEP carboxylase by amino acids, to reexamine the activation mechanism of phosphorylated compounds, and to elucidate the structural features of Glc-6P that make it a strong activator. Our studies, in addition to revealing spatially distinct activation sites for Glc-6P and amino acids, have also demonstrated a strong synergistic interaction of these activators.
PEP2 carboxylase (EC 4.1.1.31) catalyzes an essentially irreversible reaction between PEP and HCO3-in the presence of magnesium, forming OAA and Pi. The enzyme was first isolated from spinach leaves (24) , but has since been shown to exist in virtually all plants (1) . This enzyme plays a crucial role in the photosynthetic carbon metabolism of the CAM plant Crassula argentea and the C4 plant Zea mays (16) . The activity of PEP carboxylase is regulated by metabolic effectors and by the phosphorylation status of the enzyme (10 To further probe the synergistic effects of Glc-6P and Gly on the activity of the C4 enzyme, we tested the effects of these compounds on the apparent Km for total PEP in the presence and absence of saturating levels of the activators (Fig. 2) . In the absence of activator, the Km was 0.93 ± 0.15 mm, whereas in the presence of saturating levels of Glc-6P or Gly, it dropped to 0.089 ± 0.007 or 0.33 ± 0.02 mm, respectively. In the presence of both Glc-6P and Gly, the apparent Km dropped to 0.036 ± 0.005 mm. As these data indicate, Glc-6P lowered the apparent Km (total PEP) 10-fold, Gly lowered the Km 3-fold, and a mixture of Glc-6P and Gly lowered the Km 26-fold. The Vmax increased 56% in the presence of Glc-6P and showed a 21% increase in the presence of Gly, whereas in the presence of both Glc-6P and Gly, the Vmax increased 76%. Thus, the combination of Gly and Glc-6P synergistically activated the enzyme by reducing the Km and raising the Vmax beyond the levels seen with either activator alone.
Changes in the level of Glc-6P in the cytosol of C4 mesophyll cells indirectly reflect the output of the Calvin cycle in the bundle sheath cells and play an important role in coordinating the rate of carboxylation of PEP with the turnover of the Calvin cycle (5). Separate activation sites for amino acids and sugar phosphates may allow the maize PEP carboxylase to respond simultaneously to regulatory signals from the Calvin cycle and photorespiration. In this view, the accumulation of Gly would signal a need for greater flux through the C4 pathway to minimize photorespiration in the bundle sheath cells. Outwardly, C4 plants show no apparent photorespiration due to lower rates of phosphoglycolate production by Rubisco and efficient trapping of the resulting CO2. Although the level of photorespiration of a C4 plant is much lower than that of a C3 plant, it is not insignificant (4). In plants such as maize, for example, photorespiration can generate Gly and Ser at levels that are roughly 20% of a C3 plant (4, 23) . Activation of PEP carboxylase by Gly suggests the possibility that photorespiratory intermediates generated in the bundle sheath cells may move into mesophyll cells. Although there are no experimental data to support this speculation, it has previously been suggested that Gly transport may occur between mesophyll and bundle sheath cells of Moricandia arvensis, a C3-C4 intermediate species (18) . A study of intact maize mesophyll protoplasts has shown that mesophyll cells do respond to exogenous Gly (6) In subsequent experiments, we found that the amino acid activation site was not specific for L-amino acids. Surprisingly, at saturating levels of the amino acids, D-Ala activated the enzyme 2-fold more than L-Ala, and D-Ser activated the enzyme 3-fold more than L-Ser (Fig. 1) . Gly was a better activator than either the D-or L-forms of Ser and Ala. Gly bound with an apparent Ka of 1.44 ± 0.26 mm and an ACtmax of 185 ± 12% (Fig. 1) . In contrast, the other amino acids bound with higher apparent Ka values and gave lower values of Actmax. The L-isomers were particularly weak activators (Fig. 1) (25) . We compared the The coupled assay mixture for each enzyme was as described in "Materials and Methods" for the phosphate assays, except that they contained 19 IU of lactate dehydrogenase, 13 (9, 26) . Walker et al. (26) suggested that such phosphatase activity may be mechanistically related to the activation process. We reexamined the phosphatase activity of the enzyme after discovering that two phosphonate-containing compounds, which are potentially more stable to hydrolysis because of their C-P bonds, significantly activated Crassula PEP carboxylase. (Table II) . Therefore, activation of the enzyme by phosphorylated compounds entails equal increases in OAA and phosphate production, indicating that PEP is the only compound dephosphorylated in these assays.
GIc-6P Analog Studies
As the apparent Ka values of the Glc-6P analogs in Table  IV indicate, the most significant structural feature affecting activation was the identity of the ring heteroatom. When the ring oxygen in Glc-6P was replaced by a sulfur as in thioGlc-6P, the apparent Ka dropped by a factor of 10. Thio-Glc-6P did, however, show lower maximal activation than Glc-6P. These effects may possibly be related to the fact that C-S bonds are longer than C-O bonds and cause the ring to pucker slightly differently. Although the nature of the heteroatom does seem to be a significant factor, the ability of myo-In-lP, where the heteroatom is replaced by a carbon atom, to activate the enzyme indicates that a ring heteroatom is not an absolute requirement for binding and activation of Crassula PEP carboxylase.
Epimers of Glc-6P with respect to the second and fourth carbon atoms, Man-6P and Gal-6P, bound to the enzyme with nearly the same strength as Glc-6P, but led to lower maximal activations. Gal 6-P showed greater cooperativity (n = 1.62 ± 0.23) than other test compounds, but the reason for this difference is not known. The apparent binding of dGlc-6P was 2-fold weaker than Glc-6P. GlcN-6P, an analog of Glc-6P where the second position hydroxyl is replaced by an amino group, had one-eighth the binding strength of Glc-6P, but still activated the enzyme by about 100%. Leblova et al. (12) have recently reported that maize PEP carboxylase is activated by 2-deoxy-2-fluoro glucosephosphate. From these observations, one can conclude that the presence of a hydroxyl group at carbon-2 of Glc-6P is not crucial for activation but does contribute favorably to binding strength.
The position of the phosphate on the ring is also an important factor affecting activation. For example, Glc-1P activated only 15% less than Glc-6P, but its binding strength was 5.5-fold lower. This effect of position is even more evident with mannose, where Man-1P activated 60% less than Man-6P and bound with 10-fold lower affinity. Man-1P is considerably less effective than Glc-1P. The reason for this difference is unclear because Man-6P and Glc-6P have nearly identical maximal activation and apparent Ka values.
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